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ARE BENTHIC CYANOBACTERIA INDICATORS OF NUTRIENT
ENRICHMENT? RELATIONSHIPS BETWEEN CYANOBACTERIAL
ABUNDANCE AND ENVIRONMENTAL FACTORS ON THE REEF

FLATS OF GUAM

Robert W. Thacker and Valerie J. Paul

ABSTRACT
While benthic, filamentous cyanobacteria can be common on coral reefs, the factors

influencing their distribution are poorly understood. Cyanobacterial blooms, like
macroalgal blooms, may result from a combination of coastal eutrophication and re-
duced herbivory. Because benthic cyanobacteria are unpalatable to generalist herbivores,
there may be little top-down control of cyanobacterial abundance. Since bottom-up fac-
tors may exert more influence on cyanobacterial populations, we hypothesized that high
cyanobacterial abundance may be an indicator of high nutrient availability. In addition,
cyanobacteria may compete with macroalgae for light and nutrients. Thus, we also hy-
pothesized that cyanobacterial abundance may be negatively associated with macroalgal
abundance. Since many strains of cyanobacteria wash ashore during periods of high wave
action, we hypothesized that cyanobacterial abundance is negatively associated with wave
height. We monitored cyanobacterial abundance, macroalgal abundance, nitrogen avail-
ability, phosphorus availability, salinity, and water temperature at nine reef flat locations
around Guam. Average wave height for eastern and western shores, rainfall, minutes of
sunshine, and wind speed were also monitored. Stepwise regression was used to deter-
mine which variable or combination of variables best explained variation in cyanobacterial
abundance. Although nutrient availability was not significantly associated with
cyanobacterial abundance, a positive association with macroalgal abundance explained
11.5% of the observed variation in total cyanobacterial abundance. At one site, negative
relationships with macroalgal abundance and wave height explained 79.4% of the ob-
served variation in the abundance of the cyanobacterium Oscillatoria margaritifera. Varia-
tion in cyanobacterial abundance can be best explained by examining individual strains
of cyanobacteria, rather than by treating all cyanobacteria as a single ecological unit.
Physical disturbance can be a more important influence on cyanobacterial abundance and
distribution than either nutrient availability or interactions with macroalgae.

Most ecological studies of marine cyanobacteria have focused on planktonic forms
(Kirk and Gilbert, 1992; Haney et al., 1995; Sellner, 1997), while benthic cyanobacteria
have generally been grouped with turf or filamentous algae (Klumpp and McKinnon,
1992; Steneck and Dethier, 1994; Williams and Carpenter, 1997). Blooms of macroalgae
are thought to result from a combination of nutrient enrichment associated with coastal
eutrophication and decreased grazing by fishes and invertebrates due to overfishing and
mass mortalities (Hughes, 1994; Littler and Littler, 1994; Lapointe, 1997). However, it is
unclear whether cyanobacteria respond to these environmental factors in the same way as
macroalgae (Fong and Zedler, 1993; Cowell and Botts, 1994). The nitrogen-fixing ability
of some cyanobacteria may decrease their dependence on the availability of nitrogen in
the water column (Larkum, 1988). Thus, nitrogen availability may not control the growth
or abundance of some cyanobacteria (Cowell and Botts, 1994).

Cyanobacterial blooms are becoming more frequent around the island of Guam, and
we often see mats of cyanobacteria covering thousands of square meters of reef flat and
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washing up on shore (Limtiaco, 1994; Knuckles, 1995). These blooms can be single spe-
cies or mixed-species assemblages, frequently containing Oscillatoria spp. and Lyngbya
spp. These blooms can be unsightly for tourists and have been implicated in the death of
juvenile siganids (rabbitfishes; Nagle et al., 1996). Secondary metabolites produced by
benthic, marine cyanobacteria have also been cited in human poisonings (Carmichael et
al., 1990; Nagai et al., 1996, 1997). To anticipate potentially harmful cyanobacterial
blooms, we are studying top-down and bottom-up factors associated with spatial and
temporal variation in cyanobacterial abundance. Chemical defenses render cyanobacteria
highly unpalatable to generalist herbivores (Pennings et al., 1996, 1997; Thacker et al.,
1997; Nagle and Paul, 1998). Caging experiments have shown that large, generalist her-
bivores play a limited role in determining cyanobacterial abundance (Thacker and Paul,
unpublished data). However, some strains of cyanobacteria are the preferred foods of
specialist sea hares (Nagle et al., 1998).

Since bottom-up factors may exert more influence on cyanobacterial populations than
top-down factors, we hypothesized that (1) cyanobacterial abundance is positively asso-
ciated with nutrient availability (Fong et al., 1993). In addition, cyanobacteria may com-
pete with macroalgae for light and nutrients (Fong and Zedler, 1993). Thus, we also
hypothesized that (2) cyanobacterial abundance is negatively associated with macroalgal
abundance. Since many strains of cyanobacteria are fragile and do wash ashore during
periods of high wave action, we hypothesized that (3) cyanobacterial abundance is high-
est when disturbance from wave action is lowest. We examined these three hypotheses by
measuring cyanobacterial abundance and nine environmental variables at nine reef flat
locations around Guam over 14 sampling periods. Associations among these variables
and cyanobacterial abundance were examined using stepwise regression. Although pre-
vious studies of benthic, marine cyanobacteria have treated diverse assemblages as a
single ecological unit (Klumpp and McKinnon,1992; Williams and Carpenter, 1997), all
strains of cyanobacteria may not show the same responses to environmental conditions.
Thus, we also examined the associations between environmental variables and the domi-
nant strain of cyanobacteria at one site.

METHODS

We monitored cyanobacterial abundance, macroalgal abundance, nitrogen availability (as nitrate
and nitrite concentration), phosphorus availability (as ortho-phosphate concentration), salinity, and
temperature at nine reef flat locations around Guam. Ammonium concentrations were not moni-
tored regularly because a pilot study found that 70% of total nitrogen was represented by nitrate
and nitrite, while only 8% was represented by ammonium, agreeing with previous reports of low
ammonium concentrations around Guam (Matson, 1991). The nine locations were chosen to allow
access in most weather conditions throughout the year and included Tanguisson Beach Park, Pago
Bay, Togcha River, Cocos Lagoon, Fingers Reef, Piti Bombholes, and three sites in Tumon Bay:
Sails, Pia, and Ypao Beach Park (Fig. 1). All sites were 0.5 to 2 m deep, depending on tidal height,
with high light availability. We surveyed each site 14 times, approximately 6 wks apart.

We measured cyanobacterial and macroalgal abundance by sampling 0.5 ¥ 0.5 m quadrats spaced
6 m apart along fixed transect lines. At the Tumon Bay and Tanguisson Beach Park sites, we sampled
two 60 m transect lines, for a total of 20 quadrats. At the remaining sites, we sampled three 30 m
transect lines, for a total of 15 quadrats. These sampling schemes were chosen to ensure an ad-
equate representation of species diversity in each area. The quadrat was divided by strings into 100
cells, 5 ¥ 5 cm each. We noted the presence or absence of each species in each cell of the quadrat
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and scored the total as percent cover (Pennings and Callaway, 1996; Sutherland, 1996). The mean
percent cover was then determined for each site. For this study, we summed the mean percent cover
of all cyanobacterial species and all macroalgal species to estimate total cyanobacterial and
macroalgal abundance at each site. Monthly total rainfall and monthly average minutes of sun-
shine, peak wind speed, and average wave height were obtained from a National Weather Service
monitoring program.

Every 6 wks, we collected three replicate water samples 5 cm above the bottom from each study
site. Nutrient analyses were contracted to the Guam Water and Environment Research Institute.
Nitrate and nitrite were measured together in Jones’s (1984) modification of the cadmium reduction
method described in Parsons et al. (1984). Standards were run at 0, 7.14, 17.9 and 35.7 mM. A
second source control (a control from a separate stock solution) was run at 3.57 mM. Ortho (reac-

Figure 1. A map of Guam showing the nine sampling locations.
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tive) phosphate was measured by the method described in Parsons et al. (1984). Standards were run
at 0, 1.61 and 3.23 mM, while a second source control was run at 0.81 mM. When water samples
were collected, we also measured salinity and temperature using a Water Checker U-10 (Horiba
Instruments, Irvine, California).

Pearson correlation coefficients were used to determine the relationships between the nine envi-
ronmental variables and cyanobacterial abundance. Macroalgal abundance and cyanobacterial abun-
dance were square-root transformed (y = (x + 0.5)1/2) to meet the assumptions of normality (Sokal
and Rohlf, 1995). Since many of the variables may be correlated with one another, stepwise regres-
sion (Wilkinson et al., 1992; Sokal and Rohlf, 1995) was used to determine which variable or
combination of variables best explained the variation observed in cyanobacterial abundance. P-to-
enter and P-to-leave the model were set at 0.05. Both forward and backward selection procedures
were used to find the best model.

At the Togcha River reef flat, we studied a strain of Oscillatoria margaritifera in more detail. O.
margaritifera was present at this site throughout this study, although it was not always present
inside the sampling quadrats. Each week, we sampled the percent cover of O. margaritifera, other
cyanobacteria, and macroalgae. Inorganic nitrogen availability, phosphorus availability, and salin-
ity were measured every 6 wks, as described earlier. Water temperature was measured by a sub-
merged StowAway Tidbit temperature logger (Onset Computer Corporation, Bourne, Massachu-
setts) located at a depth of 2 m in one transect. For these analyses, we noted the maximum tempera-
ture recorded on the day prior to the quadrat sampling. Rainfall, minutes of sunshine, peak wind
speed, and wave height were obtained from a National Weather Service monitoring program. Rain-
fall and minutes of sunshine were summed for the 3 d prior to sampling, while peak wind speed and
wave height were averaged for the 3 d prior to sampling. Pearson correlation coefficients were used
to determine the relationships between the nine environmental variables and the abundance of O.
margaritifera (Sokal and Rohlf, 1995). Stepwise regression (Wilkinson et al., 1992) was used to
determine which variable or combination of variables best explained the variation observed in the
abundance of O. margaritifera, with P-to-enter and P-to-leave the model set at 0.05. Both forward
and backward selection procedures were used to find the best model.

RESULTS

Cyanobacteria present at our study sites included Oscillatoria spp., Lyngbya spp.,
Symploca spp., and Tolypothrix sp. Our data revealed no relationship between phospho-
rus availability or nitrogen availability and cyanobacterial abundance (Table 1, Fig. 2A,B).
Macroalgal abundance was positively associated with cyanobacterial abundance (Table
1, Fig. 2C). Only the positive association with macroalgal abundance significantly con-
tributed to the stepwise regression model, which explained 11.5% of the variation in

snoitacolenintaecnadnubalairetcabonaychtiwselbairavlatnemnorivnefonoitalerroC.1elbaT
n.mauGdnuora = ahplainorrefnoB.621 = .600.0

elbairaV r r2 P
surohpsohP 430.0 100.0 607.0

negortiN 691.0- 830.0 820.0

ytinilaS 201.0 010.0 452.0

erutarepmetretaW 920.0- 100.0 847.0

llafniaR 241.0- 200.0 311.0

enihsnusfosetuniM 230.0 100.0 327.0

deepsdniwkaeP 240.0- 200.0 046.0

thgiehevawegarevA 700.0 100.0< 049.0

ecnadnubalaglaorcaM 933.0 511.0 100.0<
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cyanobacterial abundance (n = 126, r2 = 0.115, P < 0.001, Table 2). Once macroalgal
abundance was in the model, the partial correlations of the remaining variables were not
significant (Table 2). Forward and backward selection procedures yielded the same model.

Although O. margaritifera was consistently present at the Togcha River reef flat, its
abundance varied greatly and showed a general decline over time (Fig. 3). This

Figure 2. Associations between cyanobacterial abundance and (a) phosphorus availability (reactive
phosphate), (b) nitrogen availability (nitrate and nitrite nitrogen), and (c) macroalgal abundance.
Correlation coefficients and significance values are presented in Table 1.
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cyanobacterial strain spread over soft and hard substrates, and overgrew coral rubble, live
coral, and macroalgae. Several environmental variables were significantly correlated with
the abundance of O. margaritifera , including average wave height, water temperature,
and macroalgal abundance (Table 3). A combination of negative relationships with wave
height and macroalgal abundance significantly contributed to the stepwise regression
model, which explained 79.4% of the observed variation in the abundance of O.
margaritifera (n = 25, r2 = 0.794, P < 0.001; Fig. 4, Table 4). Once these two variables
were in the model, the partial correlations of the remaining variables were not significant
(Table 4). Forward and backward selection procedures yielded the same model.

Figure 3. Variability in the abundance of Oscillatoria margaritifera at the Togcha River reef flat
between April, 1998 and April, 1999.

detaicossaselbairavlatnemnorivnerofsnoitalerroclaitrapdnaledomnoissergeresiwpetS.2elbaT
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thgiehevawegarevA 670.0- 017.0 104.0
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Figure 4. Associations between the abundance of Oscillatoria margaritifera and (a) macroalgal
abundance and (b) average wave height at the Togcha River reef flat. Correlation coefficients and
significance values are presented in Table 3.

foecnadnubaehthtiwselbairavlatnemnorivnefonoitalerroC.3elbaT arefitiragramairotallicsO
ahplainorrefnoB.talffeerreviRahcgoTehtta = .600.0

elbairaV n r r2 P
surohpsohP 8 653.0- 621.0 783.0

negortiN 8 504.0 461.0 023.0

ytinilaS 8 881.0- 530.0 556.0

erutarepmetretaW 63 506.0 663.0 100.0

llafniaR 63 720.0- 100.0 578.0
fosetuniM

enihsnus 63 402.0 240.0 232.0

deepsdniwkaeP 63 263.0- 131.0 030.0
evawegarevA

thgieh 63 575.0- 033.0 100.0<

eaglaorcamlatoT 52 467.0- 485.0 100.0<
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DISCUSSION

Contrary to our first hypothesis, when we examined all cyanobacterial taxa, we found
no significant relationships between nitrogen and phosphorus availability and
cyanobacterial abundance. The concentrations of both nutrients sometimes exceeded the
thresholds that may sustain macroalgal blooms on Caribbean reefs (approx. 1.0 mM nitro-
gen and 0.1 mM phosphorus; Lapointe, 1997). A negative trend between inorganic nitro-
gen availability and cyanobacterial abundance may be related to the measurements of
higher inorganic nitrogen in low salinity areas. Since Guam’s freshwater aquifer contains
high nitrate concentrations (Matson, 1991, 1993), freshwater seeps located on reef flats
may provide both high inorganic nitrogen and low salinity habitats. In addition, the nitro-
gen-fixation abilities of some cyanobacteria may remove their dependence on water-col-
umn nitrogen (Larkum, 1988). The common genera of cyanobacteria in our surveys in-
cluded Tolypothrix, which contains heterocysts and can fix nitrogen, and Oscillatoria and
Lyngbya, both of which lack heterocysts but can also fix nitrogen (Paerl, 1990). Cowell
and Botts (1994) found that the biomass of the nitrogen-fixing, freshwater cyanobacterium
Lyngbya wollei was negatively associated with alkalinity, conductivity, and ammonium
concentrations, but positively associated with phosphate concentrations. We found no
significant relationships with phosphate concentrations in our study, possibly because
phosphate concentrations were low at all sites.

We also rejected our second hypothesis, since we found a strong, positive association
between macroalgal abundance and total cyanobacterial abundance. The same factors
that favor macroalgal growth may favor most cyanobacteria, indicating that these two
taxonomic groups may respond to environmental conditions in the same way on tropical
reefs. Studies in a freshwater estuary (Cowell and Botts, 1994) and a temperate marine
lagoon (Fong and Zedler, 1993) found negative relationships between macroalgae and
cyanobacteria, arguing that competition among these groups would be a major force in
structuring their communities. Although many cyanobacteria can be epiphytes on
macroalgae, the positive relationship that we found indicates that these two groups may

detaicossaselbairavlatnemnorivnerofsnoitalerroclaitrapdnaledomnoissergeresiwpetS.4elbaT
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ledomnoissergeresiwpetsotnideretneselbairaV
elbairaV tneiciffeoC F P
tnatsnoC 823.71 000.121 100.0<

thgiehevawegarevA 668.0- 644.22 100.0<

ecnadnubalaglaorcaM 685.1- 282.25 100.0<

ledomnoissergeresiwpetsmorfdedulcxeselbairaV
elbairaV noitalerroClaitraP F P

surohpsohP 270.0 260.0 708.0

negortiN 291.0 854.0 115.0

ytinilaS 522.0- 246.0 934.0

erutarepmetretaW 953.0- 729.1 881.0
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enihsnusfosetuniM 800.0- 100.0 679.0

deepsdniwkaeP 230.0 310.0 119.0
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not necessarily compete with each other. Instead, cyanobacteria could facilitate the growth
of macroalgae, through nitrogen fixation or associational defenses from herbivory
(Pennings, 1997). However, macroalgal abundance explained only 11.5% of the varia-
tion in cyanobacterial abundance, indicating that other variables may be more important
in determining the abundance and distribution of cyanobacteria, or that different strains
of cyanobacteria respond to these variables in different ways.

When we examined the abundance of a single cyanobacterium, O. margaritifera , we
found no significant associations with nutrient availability, again rejecting our first hy-
pothesis. Since O. margaritifera was less abundant when there was greater macroalgal
abundance, this cyanobacterium may compete with macroalgae, supporting our second
hypothesis, and conflicting with our conclusions based on the abundance of all
cyanobacterial species at all nine sites. However, since we made direct observations of O.
margaritifera overgrowing several species of macroalgae, this association is not surpris-
ing. Wave height was also negatively associated with the abundance of O. margaritifera,
indicating the importance of disturbance to the persistence of this cyanobacterial popula-
tion and supporting our third hypothesis. Our best model for this single strain explained
much more of the variation in abundance (79.4%) than the model for all strains (11.5%),
which provides additional evidence that all cyanobacteria are not alike in their responses
to environmental variables. For example, all cyanobacteria do not form the sprawling
mats that are typical of O. margaritifera. Species that form more upright or ball-shaped
colonies did not overgrow other substrates as extensively as O. margaritifera.

Although we found no relationships between cyanobacterial abundance and nutrient
availability, measurements of nutrient availability were infrequent at each site. We may
be unable to measure the possibly more important pulses of nutrient input from streams
and shore run-off, e.g., after rainfall (Carpenter et al., 1998; Denton et al., 1998; Schaffelke
and Klumpp, 1998). For example, the Togcha River reef flat is located near a river mouth
that can have high levels of nitrate and phosphate due to a sewage outfall upstream (Guam
Environmental Protection Agency, unpubl. data). These nutrients may be diluted before
reaching our study site or occur in pulses that our sampling scheme was not able to detect.
In addition, nutrient concentrations in sediment porewater may be more important than
water column concentrations at our study sites (Larned, 1998). The use of biological
indicators, such as tissue nutrient content (Frankovich and Fourqurean, 1997) and stable
isotope concentrations in macroalgae and seagrasses (Mendes et al., 1997), may aid in
determining the relative availability of nutrients among our sites.

In our future work, we will address the correlations we have found with manipulative
experiments in laboratory aquaria and in the field (Thacker et al., in press). By examining
both nitrogen-fixing and non-nitrogen-fixing strains of cyanobacteria, we may be able to
determine which of these strains have positive or negative associations with macroalgae.
In addition, studies of individual strains are needed to determine the different types of
responses (including changing growth forms) that cyanobacteria may have to seasonal
environmental conditions.

In contrast to our expectations, cyanobacteria are not necessarily associated with high
nutrient availability and may not compete with macroalgae. The nitrogen fixation capa-
bilities of some cyanobacteria may increase their abundance in low nutrient habitats.
Both nitrogen fixation and associational defenses may create facilitative interactions with
macroalgae. Although confirmed by only one site in this study, physical disturbance may
be a more important influence on cyanobacterial populations than either nutrient avail-
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ability or interactions with macroalgae. By combining a monitoring program with ma-
nipulative experiments, we hope to learn more about the factors influencing the distribu-
tion of cyanobacteria and to enhance our ability to anticipate harmful blooms.

ACKNOWLEDGMENTS

Many individuals have assisted in our transect sampling, including D. Ginsburg, S. Shelton, J.
Biggs, R. Pangilinan, J. Mangloña, R. DeLoughery, S. Shegstad, S. Belliveau, M. Beccero, E.
Cruz-Rivera, S. McElligot, J. Boyd, N. Nelson, R. Helling, and V. Jones. L. Prufert-Bebout aided in
the identification of several strains of cyanobacteria. The manuscript was improved by discussions
with C. Birkeland and the comments of three anonymous reviewers. The National Weather Service
provided access to their meteorological database. This is contribution number 11 of the U.S.
ECOHAB program, sponsored by NOAA, NSF, EPA, NASA, and ONR, and contribution number
436 of the University of Guam Marine Laboratory. Although the research described in this article
has been funded wholly or in part by the United States Environmental Protection Agency through
grant number R82-6220, it has not been subjected to the Agency’s required peer and policy review
and therefore does not necessarily reflect the views of the Agency and no official endorsement
should be inferred.

LITERATURE CITED

Carmichael, W. W., N. A. Mahmood and E. G. Hyde. 1990. Natural toxins from cyanobacteria
(blue-green algae). Pages 87–106 in S. Hall and G. Strichartz, eds. Marine toxins: origin, struc-
ture, and molecular pharmacology. Amer. Chem. Soc., Washington, D.C.

Carpenter, S. R., N. F. Caraco, D. L. Correll, R. W. Howarth, A. N. Sharpley and V. H. Smith. 1998.
Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecol. Appl. 8: 559–568.

Cowell, B. C. and P. S. Botts. 1994. Factors influencing the distribution, abundance and growth of
Lyngbya wollei in central Florida. Aqua. Bot. 49: 1–17.

Denton, G. R. W., L. F. Heitz, H. R. Wood, H. G. Siegrist, L. P. Concepcion and R. Lennox. 1998.
Urban runoff in Guam: major retention sites, elemental composition and environmental signifi-
cance. Tech. rpt. no. 84, Water and Environ. Res. Inst., Mangilao, Guam. 72 p.

Fong, P. and J. B. Zedler. 1993. Temperature and light effects on the seasonal succession of algal
communities in shallow coastal lagoons. J. Exp. Mar. Biol. Ecol. 171: 259–272.

______, R. M. Donohoe and J. B. Zedler. 1993. Competition with macroalgae and benthic
cyanobacterial mats limits phytoplankton abundance in experimental microcosms. Mar. Ecol.
Prog. Ser. 100: 97–102.

Frankovich, T. A. and J. W. Fourqurean. 1997. Seagrass epiphyte loads along a nutrient availability
gradient, Florida Bay, USA. Mar. Ecol. Prog. Ser. 159: 37–50.

Haney, J. F., J. J. Sasner and M. Ikawa. 1995. Effects of products released by Aphanizomenon flos-
aquae and purified saxitoxin on the movements of Daphnia carinata feeding appendages. Limnol.
Oceanogr. 40: 263–272.

Hughes, T. P. 1994. Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral
reef. Science 265: 1547–1551.

Jones, M. N. 1984. Nitrate reduction by shaking with cadmium: alternative to cadmium columns.
Water Res. 18: 643–646.

Kirk, K. L. and J. J. Gilbert. 1992. Variation in herbivore response to chemical defenses: zooplank-
ton foraging on toxic cyanobacteria. Ecology 73: 2208–2217.

Klumpp, D. W. and A. D. McKinnon. 1992. Community structure, biomass and productivity of
epilithic algal communities on the Great Barrier Reef: dynamics at different spatial scales. Mar.
Ecol. Prog. Ser. 86: 77–89.

Knuckles, W. 1995. Something is rotten in Ipan Talofofo. Pacific Daily News, March 3, 26: 3.

http://www.ingentaconnect.com/content/external-references?article=0043-1354(1984)18L.643[aid=4762151]
http://www.ingentaconnect.com/content/external-references?article=0043-1354(1984)18L.643[aid=4762151]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1992)73L.2208[aid=7507388]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1992)73L.2208[aid=7507388]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1995)40L.263[aid=7507389]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1995)40L.263[aid=7507389]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1995)40L.263[aid=7507389]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1994)265L.1547[aid=361210]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1994)265L.1547[aid=361210]
http://www.ingentaconnect.com/content/external-references?article=1051-0761(1998)8L.559[aid=6455742]
http://www.ingentaconnect.com/content/external-references?article=1051-0761(1998)8L.559[aid=6455742]
http://www.ingentaconnect.com/content/external-references?article=0304-3770(1994)49L.1[aid=7507393]
http://www.ingentaconnect.com/content/external-references?article=0304-3770(1994)49L.1[aid=7507393]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1997)159L.37[aid=7507390]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1997)159L.37[aid=7507390]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(1993)171L.259[aid=7507392]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(1993)171L.259[aid=7507392]


507THACKER AND PAUL: BENTHIC CYANOBACTERIA AND NUTRIENT ENRICHMENT

Lapointe, B. E. 1997. Nutrient thresholds for bottom-up control of macroalgal blooms on coral
reefs in Jamaica and southeast Florida. Limnol. Oceanogr. 42: 1119–1131.

Larkum, A. W. D. 1988. High rates of nitrogen fixation on coral skeletons after predation by the
crown of thorns starfish Acanthaster planci. Mar. Biol. 97: 503–506

Larned, S. T. 1998. Nitrogen- versus phosphorus-limited growth and sources of nutrients for coral
reef macroalgae. Mar. Biol. 132: 409–421.

Limtiaco, S. 1994. Slimy, gooey mess turns out to be algae. Pacific Daily News, May 7, 25: 1.
Littler, M. M. and D. S. Littler. 1994. Essay: tropical reefs as complex habitats for diverse macroalgae.

Pages 72–75 in C. S. Lobban and P. J. Harrison, eds. Seaweed ecology and physiology. Cam-
bridge Univ. Press, Cambridge.

Matson, E. A. 1991. Nutrient chemistry of the coastal waters of Guam. Micronesica 24: 109–135.
___________. 1993. Nutrient flux through soils and aquifers to the coastal zone of Guam (Mariana

Islands). Limnol. Oceanogr. 38: 361–371.
Mendes, J., M. J. Risk, H. P. Schwarcz and J. Woodley. 1997. Stable isotopes of nitrogen as mea-

sures of marine pollution: a preliminary assay of coral tissue from Jamaica. Proc. 8th Int’l.
Coral Reef Symp., Panama 2: 1869–1872.

Nagai, H., T. Yasumoto and Y. Hokama. 1996. Aplysiatoxin and debromoaplysiatoxin as the caus-
ative agents of a red alga Gracilaria coronopifolia poisoning in Hawaii. Toxicon 37: 753–761.

________. 1997. Manauealides, some of the causative agents of a red alga Gracilaria coronopifolia
poisoning in Hawaii. J. Nat. Prod. 60: 925–928.

Nagle, D. G., F. T. Camacho and V. J. Paul. 1998. Dietary preferences of the opisthobranch mollusc
Stylocheilus longicauda for secondary metabolites produced by the tropical cyanobacterium
Lyngbya majuscula. Mar. Biol. 132: 267–273.

__________, V. J. Paul and M. A. Roberts. 1996. Ypaoamide, a new broadly acting feeding deter-
rent from the marine cyanobacterium Lyngbya majuscula. Tetrahedron Lett. 37: 6263–6266.

__________ and ________. 1998. Chemical defense of a marine cyanobacterial bloom. J. Exp.
Mar. Biol. Ecol. 225: 29–38.

Paerl, H. W. 1990. Physiological ecology and regulation of nitrogen fixation in natural waters. Adv.
Microb. Ecol. 11: 305–344.

Parsons, T. R., Y. Maita and C. M. Lalli. 1984. A manual of chemical and biological methods for
seawater analysis. Pergamon Press, New York. 173 p.

Pennings, S. C. 1997. Indirect interactions on coral reefs. Pages 249–272 in C. Birkeland, ed. Life
and death of coral Reefs. Chapman and Hall, New York.

____________ and R. M. Callaway. 1992. Salt marsh plant zonation: the relative importance of
competition and physical factors. Ecology 73: 681–690.

____________, S. R. Pablo and V. J. Paul. 1997. Chemical defenses of the tropical benthic marine
cyanobacterium Hormothamnion enteromorphoides: diverse consumers and synergisms. Limnol.
Oceanogr. 42: 911–917.

____________, A. M. Weiss and V. J. Paul. 1996. Secondary metabolites of the cyanobacterium
Microcoleus lyngbyaceus and the sea hare Stylocheilus longicauda: palatability and toxicity.
Mar. Biol. 126: 735–743.

Schaffelke, B. and D. W. Klumpp. 1998. Short-term nutrient pulses enhance growth and photosyn-
thesis of the coral reef macroalga Sargassum baccularia. Mar. Ecol. Prog. Ser. 170: 95–105.

Sellner, K. G. 1997. Physiology, ecology, and toxic properties of marine cyanobacteria blooms.
Limnol. Oceanogr. 42: 1089–1104.

Sokal, R. R. and F. J. Rohlf. 1995. Biometry, 3rd ed. W. H. Freeman, San Francisco. 887 p.
Steneck, R. S. and M. N. Dethier. 1994. A functional group approach to the structure of algal-

dominated communities. Oikos 69: 476–498.
Sutherland, W. J. 1996. Ecological census techniques. Cambridge Univ. Press, Cambridge. 336 p.
Thacker, R. W., D. G. Nagle and V. J. Paul. 1997. Effects of repeated exposures to marine

cyanobacterial secondary metabolites on feeding by juvenile rabbitfish and parrotfish. Mar.
Ecol. Prog. Ser. 147: 21–29.

http://www.ingentaconnect.com/content/external-references?article=0040-4039(1996)37L.6263[aid=515611]
http://www.ingentaconnect.com/content/external-references?article=0040-4039(1996)37L.6263[aid=515611]
http://www.ingentaconnect.com/content/external-references?article=0163-3864(1997)60L.925[aid=7507404]
http://www.ingentaconnect.com/content/external-references?article=0163-3864(1997)60L.925[aid=7507404]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1998)132L.267[aid=7507403]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1998)132L.267[aid=7507403]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1998)132L.267[aid=7507403]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1993)38L.361[aid=7507406]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1993)38L.361[aid=7507406]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1988)97L.503[aid=7507409]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1988)97L.503[aid=7507409]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1998)132L.409[aid=7507408]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1998)132L.409[aid=7507408]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1997)42L.1119[aid=7507410]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1997)42L.1119[aid=7507410]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1996)126L.735[aid=7507398]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1996)126L.735[aid=7507398]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1996)126L.735[aid=7507398]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1992)73L.681[aid=7507400]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1992)73L.681[aid=7507400]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1997)147L.21[aid=7507395]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1997)147L.21[aid=7507395]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1997)147L.21[aid=7507395]
http://www.ingentaconnect.com/content/external-references?article=0030-1299(1994)69L.476[aid=7502254]
http://www.ingentaconnect.com/content/external-references?article=0030-1299(1994)69L.476[aid=7502254]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1997)42L.1089[aid=7507396]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1997)42L.1089[aid=7507396]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(1998)225L.29[aid=7507402]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(1998)225L.29[aid=7507402]
http://www.ingentaconnect.com/content/external-references?article=0147-4863(1990)11L.305[aid=7507401]
http://www.ingentaconnect.com/content/external-references?article=0147-4863(1990)11L.305[aid=7507401]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1997)42L.911[aid=7507399]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1997)42L.911[aid=7507399]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1997)42L.911[aid=7507399]


508 BULLETIN OF MARINE SCIENCE, VOL. 69, NO. 2, 2001

____________, D. W. Ginsburg, and V. J. Paul. (in press). Effects of herbivore exclusion and nutri-
ent enrichment on coral reef macroalgae and cyanobacteria. Coral Reefs.

Wilkinson, L., M. Hill and E. Vang. 1992. Systat: Statistics. Ver. 5.2. Systat, Evanston, Illinois. 724 p.
Williams, S. L. and R. C. Carpenter. 1997. Grazing effects on nitrogen fixation in coral reef algal

turfs. Mar. Biol. 130: 223–231.

ADDRESS: (R.W.T.) Department of Biology, University of Alabama at Birmingham, CH 269, 1530
3rd Ave S, Birmingham, Alabama 35294-1170. Tel. 205-934-8308. (V.J.P.) Marine Laboratory, Uni-
versity of Guam, UOG Station, Mangilao, Guam 96923. Corresponding Author: (R.W.T.) E-mail:
<thacker@uab.edu>.

http://www.ingentaconnect.com/content/external-references?article=0025-3162(1997)130L.223[aid=7507411]
http://www.ingentaconnect.com/content/external-references?article=0025-3162(1997)130L.223[aid=7507411]

